Abstract In a population with type 2 diabetes mellitus (T2DM), we examined the associations of short-term air pollutant exposures with pulmonary inflammation, measured as fraction of exhaled pulmonary nitric oxide (FeNO). Sixty-nine Boston Metropolitan residents with T2DM completed up to five biweekly visits with 321 offline FeNO measurements. We measured ambient concentrations of particle mass, number, and components at our stationary central site. Ambient concentrations of gaseous air pollutants were obtained from state monitors. We used linear models with fixed effects for participants, adjusting for 24-h mean temperature, 24-h mean water vapor pressure, season, and scrubbed room NO the day of the visit, to estimate the associations between FeNO and interquartile range (IQR) increases in exposure. Interquartile increases in the 6-h averages of black carbon (BC) (0.5 μg/ m 3 ) and particle number (PN) (1000 particles/cm 3 ) were associated with increases in FeNO of 3.84 % (95 % CI=0.60 to 7.18 %) and 9.86 % (95 % CI=3.59 to 16.52 %), respectively. We also found significant associations of increases in FeNO with increases in 24-h moving averages of BC, PN, and nitrogen oxides (NOx). Recent studies have focused on FeNO as a marker for eosinophilic pulmonary inflammation in asthmatic populations. This study adds support to the relevance of FeNO as a marker for pulmonary inflammation in diabetic populations, whose underlying chronic inflammatory status is likely to be related to innate immunity and proinflammatory adipokines.
Introduction
Higher concentrations of particulate air pollution are associated with increased pulmonary and cardiovascular morbidity and mortality (Brook et al. 2004; Pope et al. 2004; Schwartz et al. 1996) . Controlled human and animal exposure studies suggest that adverse clinical effects of pollution may be mediated through pulmonary and systemic inflammatory responses that can be initiated by an influx of proinflammatory cells (Gurgueira et al. 2002) , induction of reactive oxygen species (ROS) (Gurgueira et al. 2002) , and production of pro-inflammatory cytokines in the lung (Vogel et al. 2005) ; (Ghio et al. 2000) .
Nitric oxide (NO) is a labile short-lived molecule and has been recognized to play important roles in changes in cardiopulmonary disease, neurotransmission (Zanzinger 1999) , immune defense (De Groote and Fang 1995) , and inflammation (Bogdan 2001) . In recent years, the fraction of exhaled NO (FeNO) has been served as a less invasive volatile marker of sub-clinical airway inflammatory responses in the studies of allergic diseases (Adamkiewicz et al. 2004; Adar et al. 2007 ) and often correlates with sputum eosinophilic counts (Dupont et al. 2003; Jones et al. 2001) . For example, in people with asthma, elevated FeNO has been associated with eosinophilia and corticosteroid responsiveness (Dweik et al. 2011) . Other studies have found FeNO to be elevated in subjects with chronic obstructive pulmonary disease (COPD) (Maziak et al. 1998) , bronchiectasis (Kharitonov et al. 1995) , and interstitial lung disease (Kharitonov and Barnes 2001) . However, the relation of elevated FeNO to non-allergic/ non-eosinophilic inflammation is less well understood. Few studies in recent years examined the effect of air pollution of FeNO levels in non-asthmatic populations. Van Amsterdam et al. (1999) showed that morning hour ambient pollution was associated with elevated FeNO levels in healthy subjects, and Adamkiewicz et al. (2004) also found that increased FeNO measures with increased particulate pollution in an elderly population in Steubenville, Ohio. In two separate air pollution studies of diesel exhaust, Adar et al. (2007) found strong associations between microenvironmental particulate exposure with FeNO during a diesel powered bus trip, and Barath et al. (2013) showed that FeNO level increased upon exposure to diesel exhaust in healthy human subjects. Nonetheless, the use of FeNO in studies of environmental pollution induced inflammation is still in a preliminary stage.
Type 2 diabetes mellitus (T2DM) is associated with chronic, non-allergic (innate/adipokine) systemic inflammation (Shore 2008) , which may increase susceptibility to the acute inflammatory (Dubowsky et al. 2006 ) and adverse clinical effects of pollution (Zanobetti and Schwartz 2002) . While some repeated measure community-based studies have shown increased levels of FeNO with increased exposure to particles (Adamkiewicz et al. 2004; Adar et al. 2007) , little is known about FeNO responses to pollutants in people with T2DM. In a repeated measures study of 321 observations on 70 type 2 diabetes mellitus (T2DM) patients, we investigated the associations between the levels of FeNO and particulate air pollution, fine particulate mass (particles with an aerodynamic diameter of <2.5 μm PM 2.5 ), black carbon (BC), organic carbon (OC), sulfate particles (SO 4 2− ), and particle number (PN), as well as gaseous components including nitrogen oxides (NOx) and ozone (O 3 ).
Methods

Study panel
Seventy adults with T2DM who lived in the metropolitan Boston (MA) area participated in a repeated measures study of pollution effects on inflammatory and vascular outcomes during the period of August 2006 through July 2010. A detailed protocol description has been published previously (Hoffmann et al. 2012) In brief, initial screening included fasting blood work; blood pressure; and assessment of sociodemographic characteristics, health status, medical history, medication, and life style, with up to five biweekly clinical examinations per participant. Exclusion criteria included factors that might introduce pollutant exposure errors (e.g., secondhand smoking at home, living >25 km away from the central monitoring site) or interpretation of primary inflammatory and vascular outcomes (e.g., solid organ transplant, active autoimmune disease, dementia, diabetes type 1, renal failure, seizure disorder or stroke, and sleep apnea) (Hoffmann et al. 2012) . The participants were fasted for 12 h prior to each of their screening and follow-up assessments, all of which were conducted in the morning. FeNO was measured during each follow-up visit.
Air pollution and meteorology Ambient concentrations of fine particle mass (with aerodynamic diameter <2.5 μm, PM 2.5 ), particle components including BC, OC, SO 4 2− , and PN were measured hourly at a central monitoring site (Harvard Supersite) in Boston, MA. Hourly gas exposure concentrations of NOx calculated as (NO 2 + NO) and O 3 were obtained from the Massachusetts Department of Environmental Protection's Greater Boston monitoring sites. All hourly pollutants were summarized in 6-h (3 a.m. to 9 a.m.) and 24-h intervals (9 a.m. to 9 a.m.) and as cumulative averaged pollution exposures up to the previous 7 days. All moving averages of pollutant concentrations required having 75 % or more of the hourly data.
We also measured particle concentrations at home and during the trip to the clinic. Five days prior to each clinic visit, samplers were placed in the study participant's home. On the day of the visit, the participant brought in the pollution sampler (still in operation) to the clinic. A custom-made Harvard sampling system was used to collect fine particles (PM 2.5 ) on Teflon filters for the determination of mass concentration by gravimetric analysis and BC by reflectance. The sampling system also included a SidePak (TSI, Inc.) which provided continuous measurements of particle mass concentration for the entire sampling period.
Weather parameters of hourly temperature and dew point temperature were obtained from the National Weather Service Station at Logan Airport (East Boston) located approximately 12 km from the examination site.
Absolute humidity was computed as:
Absolute humidity ¼ 6:1078*10 7:5*dewpoint ð Þ =237:7þdewpointÞ ð Þ
Offline exhaled NO measurements
The concentration of NO in exhaled breath was measured with the Deadspace Discard Bag Collection and Sampling Kit (BSK 01400) in accordance with the American Thoracic Society guidelines for offline measurements (American Thoracic and European Respiratory 2005) . The clinic where FeNO was measured was located next to a busy A3 urban roadway. To avoid contamination of breath sample with ambient inspired NO, prior to exhaling from total lung capacity, the participants inhaled to total lung capacity through an NO scrubber placed inline with the system and then exhaled immediately. The scrubber contained charcoal to remove ambient or room NO. A divert valve permitted discarding the first portion of the exhalation (dead-space gas) to capture lower airway NO while discarding NO from ambient or nasal sources. The remainder of the exhalation was diverted into a Mylar bag, maintaining a constant oropharyngeal pressure of 5 cm H 2 O for a flow of 50 mL/s. Subjects were coached by trained technicians throughout each maneuver. Three sequential exhaled breath samples for each subject were collected during each follow-up visit. In addition, to assess the efficacy of the charcoal scrubber in removing ambient or room NO during the patient maneuver, at each visit, two types of room air samples were obtained: one grab sample without use of the charcoal scrubber and one grab sample obtained through the charcoal scrubber. Mylar balloons were transported in refrigerated coolers (5°C) from the clinic to HSPH Environmental Chemistry laboratory and were analyzed using the Thermo Electron Model 42i Chemiluminescence Analyzer (Thermo Electron Corporation, Franklin, MA) within 24 h. Finally, the mean of FeNO, room NO, and scrubbed room NO concentrations for each subject at each visit was calculated.
Statistical analysis
Primary exposure metrics included averaging 6-and 24-h exposure periods for pollution prior to and including up to 9 a.m. the day of the FeNO measurement. Fixed effect models with subject-specific intercepts were used to control for both measured and unmeasured time invariant characteristics. Ambient temperature, absolute humidity, season, and scrubbed room NO levels were modeled as time-varying covariates. Moreover, because some particles were produced by the same photochemical reactions that produced O 3 , particles and O 3 may confound the effect of each other. In separate analysis, we additionally adjusted for 24-h moving average of O 3 concentrations in final models for fine particles (particle mass, number, and component), and final models for gases additionally were controlled for 24-h moving average of PM 2.5 concentrations. Seasonal effect was modeled using as Fourier series terms (i.e., cos(2π*doy/365.25) and sin(2π*doy/365.25), doy = date of year). Temperature and absolute humidity were expressed as the current day average. We log-transformed the outcome variable to approximate a normal distribution of this rightskewed outcome, and the results were expressed as percent changes in FeNO. Model fit was assessed by AIC values. AIC assesses the goodness of fit of the model, while penalizing on the number of covariates.
In the sensitivity analyses, we also used moving averages up to 7 days to further examine the relative role of different exposure windows on FeNO. Effect estimates were expressed as percent changes in FeNO per interquartile range (IQR) increase in the relevant exposures. We also compared our analysis without and with adjustment for scrubbed room NO concentrations. All statistical analysis was performed using the Proc GLM procedure in SAS 9.3 (SAS Institute, Inc., Cary, NC, USA).
Results
A total of 321 FeNO samples were collected, and of the 70 participants, 69 had at least one FeNO measurement. We present baseline subject characteristics in Table 1 . The study population was predominantly white, with an age range from 44.9 to 85.5 years, of which 52 % were female participants. The mean of FeNO concentration was 21.4 ppb, with a 10-90 percentile range of 11.6-30.0 ppb. Most the participants had long history of diabetes (mean 9.9 years), and 77 % had a diagnosis of hypertension. Of the 69 participants with FeNO measurements, four had a COPD diagnosis, four had an asthma diagnosis, and one had both. In Table 2 , we present summary statistics and correlations amongst ambient PM 2.5 mass, PM 2.5 constituents (BC, OC, SO4 2− , and PN), ambient gases, ambient temperature, NO in the clinic room, and scrubbed room NO and indoor/trip to clinic PM 2.5 and BC measurements. PM 2.5 and SO 4 2− were highly correlated (r=0.80). PN was inversely correlated with PM 2.5 , SO 4 2− , and temperature. This is consistent with the previously published observations that during high pollution days ultrafine particles tend to coagulate more quickly to the accumulation mode which is the major contributor to PM 2.5 mass (Zhu et al. 2002) ; and at lower temperatures, condensation favors particle formation (Sioutas et al. 2005) . O 3 was positively correlated with temperature, likely because tropospheric O 3 is a secondary pollutant which is formed from its precursors NOx and volatile organic compounds via photochemical reactions favored by high temperature conditions. NO concentrations in the clinic room had a median of 25.11 ppb with an IQR of 14.25-45.03 ppb, consistent with the reality that clinic rooms were located near a busy A3 road in a major medical area in central Boston; after passing through the scrubber, NO in the clinic room was reduced to a median concentration of 4.34 ppb and an IQR of 2.97-7.80 ppb. This suggests that the scrubber was effective at removing NO in the room/breathing area, although it did not remove it completely. Table 3 shows the percent increases in FeNO scaled by IQR increases in mean pollutant concentrations for exposures during the previous 6 and 24 h. To control for residual room NO that may have been inhaled through the scrubber (and then exhaled) during the maneuver, we based our analyses on models adjusting for room NO measured through the scrubber. Elevated concentrations of BC, PN, and NOx were most consistently associated with increased FeNO. For example, IQR increases in ambient BC and PN in the previous 6 h were associated with FeNO increases of 3.84 % (95 % CI= 0.60 to 7.18 %) and 9.86 % (95 % CI=3.59 to 16.52 %), respectively. Significant associations were also observed for BC, PN, and NOx for the 24-h moving averages (Table 3) . In contrast, an IQR increase in the mean O 3 concentrations in the previous 24-h was associated with a decrease in FeNO of 4.80 % (−8.70 to −0.73 %). Because some particles are produced by the same photochemical reactions that produced O 3 , we selectively evaluated two pollutant models in secondary analyses, adjusting for 24-h moving average of O 3 concentrations in models for particles, and adjusting for 24-h moving average of PM 2.5 concentrations in models for gases (Table 3) . Estimates for SO 4 2− associations with FeNO were larger and stronger after additional adjustment for O 3 . The diabetic subjects with COPD or asthma did not have greater pollution effects on FeNO than the diabetic subjects without these respiratory diagnoses (results not shown).
While the most consistent associations of pollutants with FeNO occurred with cumulative averages of pollution levels .01 ‡ Ambient 24-h moving averages were calculated from 9 to 9 AM § Single samples collected from the clinic room coincident with each breath sampling in the previous 24-48 h, for NOx, PN, and BC, cumulative averaged pollution levels up to 7 days were also associated with increased FeNO (Fig. 1) . The 5-day averaged central site PM 2.5 or BC measured at the home/trip to clinic period was not significantly associated with FeNO levels with estimated changes in FeNO of (0.6; 95 % CI=−2.30 to 3.59 %) for an IQR increase in PM 2.5 and (−0.34; 95 % CI=−2.48 to 1.86 %) for an IQR increase in BC, respectively.
Discussion
Traffic-related particulate pollutants were associated with increased FeNO measurements in this study of individuals with T2DM. Influential pollutants included BC, whose sources are both regional and local traffic, and PN, which others have found correlates with ultrafine particle levels and with fresh emissions from motor vehicles (Thurston and Laird 1985) . Exposure to NOx, which has automobile as well as stationary combustion sources and includes primary pollutants (e.g., NO) from vehicular combustion processes, was also significantly associated with elevated FeNO measurements. Associations of PN exposure with FeNO produced the most robust effect estimates (Table 3) , which were generally two to three times higher than for other pollutants. This provides supportive evidence suggesting that ultrafine particles may be responsible for a significant proportion of pollution effects, and that in our study, PN is a better surrogate for local traffic exposures. Relatively little is known about the spatial variation of ultrafine particles in Boston, making the relationship between personal exposures and central site measures hard to characterize. Ultrafine particles coagulate very fast and their counts drop fast as moving away from traffic, perhaps explaining why we found wider confidence intervals for PN exposure effect estimates. The fact that we found strong associations of PN with our outcome, despite potentially higher local heterogeneity and potential exposure misclassification, supports our conclusion that PN may be specifically contributing to increased airway inflammation in our study participants. Each model is adjusted for subject, 24-h mean temperature, 24-h mean water vapor pressure, season, and scrubbed room NO † Fine particles were additionally adjusted for 24-h moving average of O 3 concentrations ‡ Gases were additionally adjusted for 24-h moving average of PM 2.5 concentrations
After adjustment for ozone, higher FeNO was also associated with 6-h averages of SO 4 , suggesting that pollution effects were not exclusively related to traffic and that regional sources of pollution like power plants might also be contributing to the pollution-related pulmonary inflammation.
Most of the cumulative traffic pollution effects on FeNO levels occurred within a 2-day window, with peak associations with 6-to 24-h averages of pollution. While far from fully understood, the rise in FeNO may result primarily from upregulation of inducible form of NO synthase (iNOS) in response to inflammatory cytokine stimulation by air pollutants. Tarantini et al. (2009) showed hypomethylation at the promoter region of iNOS gene after exposure to particulate matter, where iNOS gene expression was suppressed by DNA methylation.
In contrast to the bleachery workers' study, where Olin et al. (2004) found elevated concentrations of FeNO after exposure to high peaks of O 3 repeatedly, we found negative associations of O 3 with FeNO. The negative association between O 3 and FeNO that we observed may, in part, be a function of its negative correlation with ambient fine particles and NOx (Table 2) , rather than representing an actual physiologic effect. In addition, since the clinic examination was conducted near a busy A3 road, traffic-related pollutants may appear to have greater impact on FeNO than other pollutants.
To eliminate potential contamination of patient samples from ambient inspired NO, the participants breathed in through a NO scrubber and the first portion of the exhalation (dead-space gas) was discarded. In addition, in our primary analyses, we adjusted for the level of room NO collected through the scrubber that the patient used for the FeNO maneuver. By doing so, we further ensured that the exhaled NO we measured came from participants' lungs, rather than from NO in the study room. Adjusting for unscrubbed room NO further reduced associations of pollution with our outcomes (Fig. 2) , but we believe that this is Bover-adjustment^. The unscrubbed grab sample of room NO (mean 34.55 ppb, standard deviation 29.03 ppb), which was variably correlated with other pollutants (Table 2) , was often as high as or higher than 24-h averaged NO measured at the EPA sites (mean Fig. 1 10.52 ppb, standard deviation 7.61 ppb, r=0.53), likely not only because it represented a shorter averaging period during peak traffic, but also because it more accurately represented local traffic pollutant exposures encountered by the participant that may have led to FeNO production in the airways. Room NO was strongly predictive of FeNO (7.66 % increase in FeNO per IQR increase in room NO; 95 % CI= 4.69 to 10.71 %) in a model not adjusting for other pollutants. Many offline FeNO studies do not measure or take into account residual NO that may be inhaled despite scrubbing in clinical exam rooms where local NO from traffic is high; we suggest that assessment of the efficacy of the scrubber in high NO/ high traffic settings may help in interpreting study findings. A Southern California Children's Health Study paper suggests that taking into account time to analysis or refrigeration until measurement could reduce measurement error in offline FeNO measurement (Linn et al. 2004 ). In our case, however, our samples were refrigerated at 5°C until the time of measurement, and there was little variability in the lag between time of sample collection, which always occurred in the morning, and time of offline FeNO measurement. The median time between collection and measurement was 6.85 h (25th percentile, 5.70 h; 75th percentile 8.37 h). We performed further sensitivity analyses that confirmed that taking into account time to offline measurement of bagged specimens did not improve (or significantly change) the magnitude or precision of our effect estimates (results not shown).
We addressed the potential misclassification of exposure measured at the central site through the home/trip to clinic particle monitoring. However, because the peak associations of PM 2.5 and BC were observed within 6-24 h of the clinic visit, our 5-day integrated home/trip to clinic PM 2.5 and BC measurements were not associated with FeNO. The effect estimates were similar to those of 5-day means of PM 2.5 and BC measured at the central site.
FeNO has been described as classically representing allergic and eosinophilic airway inflammation in asthmatic patients (Dweik et al. 2011) . Ambient air pollution has been associated with increased FeNO in children with asthma in a number of epidemiologic studies (Delfino et al. 2006; Liu Fig. 2 Estimates association of 6-and 24-h mean pollution with pollutant alone, adjusted for scrubbed room NO, and adjusted for room NO, respectively. Estimates are expressed as changes per interquartile increase in pollutant concentrations. Error bars indicate 95 % confidence interval. Each model is adjusted for subject, 24-h mean temperature, 24-h mean water vapor pressure, and season Mar et al. 2005) . COPD is classically described as involving chronic neutrophilic rather than eosinophilic inflammation, yet we demonstrated FeNO responses specifically in a small subgroup with COPD within a panel study of elders from Steubenville, OH (Adamkiewicz et al. 2004) . In this Boston study of people with diabetes, we found no effect modification either by asthma or COPD diagnosis, though sample size limited power to detect effect modification by diagnosis.
The underlying chronic inflammation in people with T2DM is well known to involve non-IgE mediated pathways with pro-inflammatory innate and adipokine-related cytokines (Gold 2008) . While one 2009 review suggested the use of FeNO as well as other biomarkers in evaluation of inflammation in people with T2DM (Maniscalco et al. 2009 ), we found only two small case reports in the literature, both focused on medication effects on inflammation (Sexton et al. 2014; Yalcin et al. 2014) . Neither reports, one on anti-IgE (two subjects) (Yalcin et al. 2014 ) and the other on metformin (17 participants) administration (Sexton et al. 2014) , demonstrate changes in FeNO with medication administration, but these studies are limited and their design and study population differ from that of our study. In a St. Louis panel study of elders, we showed that diabetes, obesity, and hypertension increased vulnerability to the systemic inflammatory effects of air pollution (Dubowsky et al. 2006) . Our study suggests that people with T2DM, who have underlying non-allergic inflammation, are vulnerable to the pulmonary inflammatory effects of pollution and that FeNO can be a useful marker of this response.
